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Introduction
The eukaryotic RNA exosome is involved in a multitude of processes including maturation of stable RNAs, turnover of messenger RNA as well as scavenging of aberrant, poly-adenylated nuclear transcripts and short transcripts arising from pervasive transcription [1, 2] .
Structurally, the exosome consists of a ring of six proteins homologous to bacterial RNase PH and three RNA-binding "cap" proteins, known as the "exosome core" [3, 4] . In Saccharomyces cerevisiae, the exosome ring has lost catalytic activity and ubiquitously associates with Rrp44p/Dis3p, which functions as both 3'-5' exonuclease and as endonuclease [5, 6] . In the yeast nucleus, the complex additionally binds the RNase D-type 3'-5' exonuclease, Rrp6p, which is required for stable RNA processing and turnover specific to this compartment [7, 8, 9] . Crystal structures currently exist of the human exosome core as well as the core bound to Rrp44p and a C-terminal peptide from Rrp6p showing that Rrp6p binds at the "top" of the core, opposite Rrp44p [3, 10] . In addition, crystal structures exist of the isolated exonuclease core domains of yeast, Trypanosoma, and human Rrp6p [11, 12, 13] .
Rrp6p consists of an N-terminal PMC2NT region and a DEDD-type 3'-5' exonuclease domain homologous to bacterial RNase D and at least one Helicase and RNase D C-terminal (HRDC) domain [9] . The available crystal structures of Rrp6p all encompass a part of the Nterminus unique to eukaryotes, the exonuclease core, and one HRDC domain [11, 12, 13] .
These structures have revealed a compact nuclease domain with the N-terminus wrapped around it and a more loosely associated HRDC domain, homologous to the first of two HRDC domains found in E. coli RNase D [14] . In vitro, isolated Rrp6p is active as a 3'-5' exonuclease on a range of both single-stranded and structured RNA substrates with a subtle preference for poly-A RNA [3, 7, 12] . Via its N-terminal PMC2NT region, Rrp6p interacts with an additional exosome cofactor, Rrp47p (Lrp1p), which exists as a multimer in isolation, but appears to associate with Rrp6p in a 1:1 complex [11, 15] . Furthermore, yeast Rrp47p has been shown to specifically bind double-stranded nucleic acids in vitro but sequence analysis has so far failed to identify any known RNA binding domains [16, 17] . Rrp47p is present in pull-down experiments targeting core exosome subunits indicating that it forms a natural part of at least a population of nuclear exosomes, but the details of the interplay between the exosome core, Rrp6p, and Rrp47p are not yet understood [18] .
Deletion of either Rrp6p or Rrp47p results in accumulation of 3' extended forms of both 5.8S ribosomal RNA and snoRNAs in yeast [18, 19] . Moreover, the PMC2NT region of Rrp6p is required for correct RNA processing as well as for normal levels of Rrp47p strongly supporting that the two proteins are naturally bound to each other in vivo [15, 17, 20] . Studies of the organisation of Rrp47p have revealed that the protein consists of two domains, an Nterminal Sas10/C1D-type domain spanning roughly the first 100 residues, required for binding to Rrp6p, and a C-terminal region shown to be involved in maturation of box C/D small nucleolar ribonucleoprotein (snoRNP) particles [16, 21] . Finally, the extreme Cterminus of Rrp47p contains a concentrated patch of basic residues, which appears to be responsible for the majority of the RNA affinity observed in vitro. Interestingly, the Nterminal Sas10/C1D domain of Rrp47p is sufficient to complement nearly all of the phenotypes associated with deletion of Rrp47p in yeast [21] .
In this paper, we map the interaction between yeast Rrp47p and the Rrp6p PMC2NT domain and show that complex formation leads to structural rearrangements in both proteins. Using small-angle x-ray scattering (SAXS), we determine envelopes of isolated Rrp6p as well as the Rrp6p-Rrp47p complex. Finally, we present functional evidence that Rrp47p finely modulates the activity of Rrp6p on both single-stranded and structured RNA substrates as well as affects degradation through double-stranded regions. [25] . Docking of the crystal structure was done using the SITUS package [26] and presented using Chimera [27] . 
Materials and Methods
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Results and Discussion
Rrp6p-Rrp47p complex formation is associated with structural changes. S. cerevisiae
Rrp6p 12-536 (residues 12-536 of 733) and Rrp47p (full length, residues 1-184) were coexpressed in E. coli BL21 (DE3) RIL and purified using a cleavable, C-terminal His-tag on Rrp6p (see Supplementary Methods for details and Figure S1A ). The purification also yielded pure samples of the isolated proteins ( Figure 1A and 1B). Consistent with previous studies, we find that the level of staining of the two proteins in pure samples of the complex suggests formation of a stoichiometric 1:1 complex between Rrp6p and Rrp47p with a theoretical molar mass of 83.2 kDa ( Figure 1A ) [11, 15] . For molecular mass determination, we analysed the samples by size exclusion chromatography coupled to a multi-angle static light scattering (SEC/MALS) ( Figure 1C and Table 1 ). The Rrp6p-Rrp47p complex elutes as a monodisperse peak with a MALS MW of 84 kDa, which is significantly smaller than the apparent MW estimated from the elution volume (~130 kDa) suggesting that the complex has a non-globular shape. Isolated Rrp47p elutes as an oligomeric species with a MALS molecular weight of app. 93 kDa, corresponding to a 4-6 mer as previously described [15, 17] .
Isolated Rrp6p can be separated into two distinct forms, a monomer and a dimer, which elute at two different volumes ( Figure 1C and Table 1 ). N-terminal sequencing reveals that the Rrp6p dimer is intact while the monomer has been cleaved near the end of the PMC2NT
domain giving rise to a 85-536 fragment ( Figure 1B ). This suggests that the Rrp6p PMC2NT
domain is not stable in isolation, much like Rrp47p, and that interaction is required for the stability of both proteins. This is consistent with observations in vivo that cellular levels of Rrp47p drop when Rrp6p is depleted [17] .
Finally, the secondary structure of both the isolated components and the complex was measured using synchrotron radiation circular dichroism (SRCD, Figure 1D ) [28] . Isolated
Rrp6p and Rrp47p display a high α-helical content (33-35%) and lower amount of β-sheet (16-19%) consistent with crystal structure of Rrp6p [13] and predictions for Rrp47p [17] . The Rrp6p-Rrp47p complex displays a significantly higher α-helical content (42%) than either of the two constituent proteins indicating that structural differences occur upon complex formation. These values are conservative as the isolated proteins are already partially stabilised by oligomerisation and are consistent with the requirement of each protein for their binding partner for stability in vivo [20, 29] .
The Rrp47p Sas10/C1D domain interacts with a conserved N-terminal region of Rrp6p. The N-terminal Sas10/C1D domain of Rrp47p (residues 1-100) is known to interact directly with the PMC2NT domain of Rrp6p ( Figure S1A ) [17, 21] . To analyse the interaction in more detail, we constructed several truncated versions of both proteins and asked usind His pulldowns of Rrp6p whether the complex was still intact ( Figure 1E and 1F). Pull-down of the data for ab initio modelling using the dummy-atom approach ( Figure S3 ) [24] . The SAXS envelope obtained for the Rrp6p monomer is compact and fits well to the crystal structure of yeast Rrp6p (PDB 2HBJ, Figure 2A ) [13] . Extra density on the side and on top of the exonuclease core accounts for the part of the PMC2NT domain not present in the crystal structure. Likewise, modelling of the Rrp6p dimer (residues 12-536) resulted in a symmetric, flat shape that allows docking of two copies of Rrp6p including PMC2NT domains ( Figure   S4A ) [13] . The envelope calculated for the Rrp6p Table T1 ). In conclusion, we have shown that the Rrp6p-Rrp47p complex has an elongated shape consistent with gel filtration chromatography, significantly larger than monomeric Rrp6p but with similar dimensions to dimeric Rrp6p. Docking of the crystal structure of Rrp6p suggests that Rrp47p binds on top of the exonuclease domain, in contact with the PMC2NT and opposite of the HRDC domain. Although this position does not preclude a direct interaction of Rrp47p with RNA, Rrp47p is relatively distant from the active site on Rrp6p in this model.
As Rrp6p is known to interact with the exosome via its C-terminus, this model further suggests that Rrp47p binds away from the exosome core ( Figure 4 ) [10] . RNA substrates directed to the exosome can then either enter Rrp6p directly or pass through the core for degradation by Rrp44p. Figure 3A) . Notably, the oligo-A tail (residues 20-30) appears to be degraded much faster than the remaining body of the RNA. Like for Trypanosoma RRP6, degradation is about 5-10 fold slower in the presence of Rrp47p as seen from comparison of the 10 min and 2 min time points [11] . Similarly to isolated Rrp6p, the complex degrades the 10 nt oligo-A tail much more efficiently. In contrast to Trypanosoma RRP6, however, we find that yeast Rrp6p is generally not able to degrade stable, RNA secondary structure. For human RRP6 it was shown that the presence of a 5' extended single-stranded region in front of a stable structured hairpin somehow allows Rrp6p to proceed through the double-stranded region [12] . We therefore asked whether the presence of Rrp47p would affect the ability of Rrp6p to degrade stable RNA secondary structure by analysing degradation of substrates containing a strong hairpin followed by an extended 3' single-stranded region and with ( Figure 3B ) or without ( Figure 3C ) a 5' extension. Consistent with the observations for human RRP6, we observe that yeast Rrp6p is able to proceed through the RNA hairpin structure in the presence of a 5' single-stranded extension ( Figure 3B , marked with arrows)
but not when this element is missing ( Figure 3C ). In the presence of Rrp47p, the activity of Rrp6p is reduced but appears to eventually reach the same end-point. However, we note that degradation by the complex through the hairpin proceeds with fewer intermediate bands than
for isolated Rrp6p (arrows), suggesting that although Rrp47p appears to reduce overall rate of the Rrp6p reaction, degradation through the hairpin is not affected to the same extent. This suggests that the mechanism by which Rrp6p degrades secondary structure is not affected by binding of Rrp47p to the same extent as degradation of single-stranded RNA. The RNA substrates used were a range of 32-35 nt mimics of yeast U14 pre-snoRNA, which is naturally processed by Rrp6p in a Rrp47p-dependent manner [18] . Of these, the substrate U14+6 contains both single-stranded and structured elements, including the conserved terminal stem and the box C/D elements characteristic of these RNAs in addition to a 3-6 residue extension mimicking a 3' unprocessed pre-snoRNA ( Figure 3D ). In both cases, dissociation constants were measured using the Rrp6p D238A active site to prevent RNA degradation during the experiment. For all tested RNAs (some data not shown) isolated Table 1 Dedic et al. Figure 1 . Characterisation of the Rrp6p-Rrp47p complex 100 mM KCl, and 5 mM BME, concentrated by spin filtration, and stored at -80°C in 40% glycerol.
Rrp47p does not affect the affinity of
All purifications were carried out with dual A 280 /A 260 monitoring to ensure that no RNA was copurified with the proteins.
SR-CD analysis
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CD spectra were collected at beam line CD1 at the ASTRID storage ring (ISA, Aarhus University, Denmark) detected by a photo multiplier tube (type 9406B, ETL, UK) [1, 2] . Spectra were measured from Rrp6p, Rrp47p and Rrp6p-Rrp47p individually at concentrations close to 2 mg/ml in 50 mM KH 2 PO 4 /K 2 HPO 4 at pH 7.5. Three independent spectra of the buffer (for baseline correction) and samples were measured in 100 µm path-length Suprasil cell (Hellma GmbH), spectra were averaged, baseline subtracted, and mildly smoothed with a Savitzky-Golay filter using the CDtool software [3] . Secondary structure analysis was carried out using the CDSSTR method and the SP175 reference data set in DichroWeb [4] .
SAXS analysis
Synchrotron radiation SAXS scattering data were collected at the EMBL SAXS-WAXS beam line X33 at DORIS/DESY (Hamburg, Germany) as 8*15 sec exposures at 1.5 Å using a MAR345 image plate detector, and scattering profiles for the 8 passes were compared to detect radiation damage.
Measurements were conducted at 10 °C using 75 µL sample in 20 mM Tris-HCl pH 7.5, 100 mM KCl, and 5 mM BME. Measurements were carried out at three different concentrations of Rrp6p ). Pair distance distribution functions of the particles, P(r), and the maximum particle dimensions, D max , were computed using GNOM [7] and molecular weights were estimated by the ! 4! calculated Porod volumes. Porod volumes were calculated using ATSAS AUTOPOROD [8] and ab initio shapes were determined using DAMMIF [9] and GASBOR [10] , in the case of the Rrp6p dimer, both with and without a P2 symmetry constraint. After 12 DAMMIF runs, DAMAVER [11] was used to analyse the normalized spatial discrepancy (NSD) between the 12 models and the lowest NSD model was used as representative. The known crystal structure of Rrp6p (residues 129-536) was then docked manually into the representative GASBOR models and for the Rrp6p monomer and the three Rrp6p-Rrp47p complexes, ab initio envelopes were computed from the dummy atom bead models using SITUS pdb2vol based on the GASBOR and DAMMIF models, respectively [12] . For the Rrp6p 12-536 -Rrp47p 1-184 complex, the molecular envelope of the Rrp6p crystal structure was docked automatically using SITUS colores and the best fits were inspected manually.
Electrophoretic mobility shift assay
The 5'-labelled FAM-labelled U14+6 RNA substrate (Microsynth), designed based on S. cerevisiae U14 snoRNA sequence, was used for EMSA and containts the sequence (5'-AAUCACGGUG AUGAUGGAGU CUGAGUGAUC GUAUA-3'). As it contains a stuctured stem loop, the substrate was re-annealed by incubation at 96°C for 2 min followed by cooling at RT for 60 min.
Concentrations were verified by A 260 measurements using a Nanodrop ND-1000 spectrophotometer.
Data were quantified using TotalLab Quant.
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